The scanning tunneling microscope (STM) was used to quantitatively investigate sputter etching of graphite surfaces bombude by 5 keV argon ions. The resulting surface morphology depended strongly on ion flux, dose and sample temperature. The height-height correlation functions of the roughened surfaces were calculated directly from fte STM topographs and were compared to linear response theory and scaling analyses for the propagation of Vrowing fronts. We find that the surfaces develop structures characterized by a correlation length that diverges with increasing ion dose.
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n3 NAME OF 4[~*j&L1 0IVIDUZA One of the fundamental challenges in materials science is to understand the effects of particle radiation on solid surfaces.1-3 For example, the properties of sputter-deposited thin films depend strongly on the surface topology, which in turn is determined by the sputter-growth process. 4 Ion-beam sputter etching, a widely used technique in surface science and microelectronics, also produces surfaces with characteristic morphologies that depend on the sputtering conditions. On the macroscopic level (i.e., length scales larger than one micron), the effects of particle radiation on surfaces are well understood. Ion bombardment erodes edges, corners and peaks preferentially because prominent features are exposed to a larger flux. This smoothing of surface roughness is further enhanced by diffusion and evaporation/recondensation. In the continuum description of this process, one either assumes that the local erosion rates are proportional to the local incoming flux, or one uses the so-called "Huyghens Construction." 5 Numerical studies of macroscopic evolution have obtained results that compare favorably with experiments. 6 ' 7 At the sub-micron level, our understanding is much less complete. 8 Electron-microscope studies indicate that particle radiation roughens a surface, and prominent cone-like features have been reported. 9 In this Letter, we report on our use of a Scanning Tunneling Microscope (STM) 13 to study the surface topography of graphite after sputter etching. The STM offers unique opportunities for the study of radiation erosion because, unlike the electron microscope, it can quantitatively measure the height profile h(r) of the surface over a wide range of length scales. This allows us to calculate the height-height correlation function 14 (I h(q) 12 , defined as:
with (..-)t indicating a sample average after t seconds of exposure. In other roughening problems, e.g., thermal roughening, the corresponding correlation function is a good measure of the overall surface geometry. 1 5 Because of loss of phase information in the height-height correlation function, however, it is less sensitive to uncorrelated --but prominent --surface features, which are much more easily visible in the real space STM topographs.
The surface chosen for this investigation was the cleaved (0001) face of highly oriented pyrolytic graphite (HOPG). This surface is inert in air and is easily imaged with the STM. 1 3 Graphite also has a rigid lattice, with a melting temperature of -3800*C. This indicates that surface diffusion should be minimal at room temperature and thus bombardment induced topography is "frozen in"
and can be observed with the STM long after sputtering has occurred. by performing a rotational average of I h(q) 12, sampling at increments of 1° for each value of q. The variance of ( I h(q) 12) was also calculated to provide an estimate of the uncertainty in the correlation function.
The surface topology depended strongly on the ion dose. If we define the corrugation as the slope of a line connecting two surface points separated laterally by a distance L, Fig. 1 shows that this quantity becomes small for L larger than the correlation length, t -100 -200A. Thus, for such length scales, the surface can be considered to be flat. As the dose Q increases (Figs. 2 & 3) , 4 increases as well, and at the highest doses k exceeds the image size. For this real space behavior, one would expect that the correlation function should be q-independent for q < 1A, while it should decrease with q for q > 1/, as observed in Fig. 4a .
The creation of correlated structures by particle radiation is counterintuitive. However, theoretical studies of the non-equilibrium growth of interfaces 1 1 , 1 2 indicate that correlation resulting from random events is possible.
A linear response theory was proposed for radiation erosion in ref. 16 and we now test its predictions by comparing the asymptotic limits to the experimental data.
In linear response theory:
ct h(q,t) = -Oq) h(q,t) + 71(q,t), (2) where w(q) is the healing rate of a surface modulation of wavevector q and TI(q,t)
is the Gaussian white noise for the incident ions with a variance proportional to the flux J. For the case of isotropic radiation erosion including annealing by surface diffusion, the healing rateo (q) -J I q I + D I q 1 4 , with D proportional to the surface diffusion constant. The resulting correlation function is:
Oq)
According to Eq.(3), for small q, (I h(q) I 2 )t is proportional to t and independent of q, while for large q it decreases with q, indicating two distinct regions in plots of (I h(q) 12) t vs. q. Fig. 4a shows that this type of behavior is observed experimentally. The transition should occur at the crossover wavevector qo = defined by co(1-l) t = 1, which predicts that the correlation length at crossover, Q = Jt (assuming 4 < (D/J) 1/ 3 ). From Fig. 4a , we see that 4 increases with dose Q, albeit more slowly than linearly. In Fig. 4b , we show (I h(q) I2Xt for the same three doses as for Fig. 4a , but with J increased by a factor of 5. Indeed, within the uncertainties of the experimental data, 4 does not appear to have changed significantly for surfaces sputtered with the higher flux, even though these surfaces were rougher, ie. had larger values of (I h(q) 1 2 )t.
We also investigated the behavior of Eq. Above 600*K, (I h(q) 12) drops more sharply with q and, for large q, has a tail with an approximately q-4 dependence. For lower T, we found no q-4 tail down to 0.1
A-1 in any of our topographs.
By expanding the exponential term in Eq.(3) for the limit q 0, we see that the interface width, W a I h(q) I 2 )t/ 2 , should be proportional to (Jt) 1/ 2 = Q1/ 2 , a prediction which is independent of our choice of the healing rate function, CO(q).
For large doses (ie. long times) and q > 0, the exponential term is small and can be neglected, making (I h(q) 12) t independent of the dose Q. From the experimental results in Figs. 4a and 4b , we see that W increases more like Q than Q 1 / 2 and that (I h(q) 12) t shows a significant dose dependence at large q. Thus, although linear 6 response theory qualitatively accounts for a number of the observed features, it does not provide us with a quantitative description of our data.
At present, no non-linear theory exists for radiation erosion, but a general scaling description 1 2 has been developed in the context of various growth models. 1 1 According to scaling theory: Fig. 4 thus appear to be consistent with local growth models, at least at lower doses. We find this agreement somewhat surprising, as there is no a priori reason to expect a local growth model to correctly describe erosion via sputtering. 1 6 In summary, ion bombarded graphite surfaces evolve a rough morphology characterized by the divergence of the correlation length, as predicted by linear response theory. However, the experimental height-height correlation function is 
